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A retention mechanism for distribution of mitochondria during
cell division in budding yeast
Hyeong-Cheol Yang, Alexander Palazzo, Theresa C. Swayne and Liza A. Pon
Mitochondria are indispensable for normal eukaryotic
cell function. As they cannot be synthesized de novo
and are self-replicating, mitochondria must be
transferred from mother to daughter cells. Studies in
the budding yeast Saccharomyces cerevisiae indicate
that mitochondria enter the bud immediately after bud
emergence, interact with the actin cytoskeleton for
linear, polarized movement of mitochondria from
mother to bud, but are equally distributed among
mother and daughter cells [1–3]. It is not clear how the
mother cell maintains its own supply of mitochondria.
Here, we found that mother cells retain mitochondria by
immobilization of some mitochondria in the ‘retention
zone’, the base of the mother cell distal to the bud.
Retention requires the actin cytoskeleton as
mitochondria colocalized with actin cables in the
retention zone, and mutations that perturb actin
dynamics or actin–mitochondrial interactions produced
retention defects. Our results support the model that
equal distribution of mitochondria during cell division is
a consequence of two actin-dependent processes:
movement of some mitochondria into the daughter bud
and immobilization of others in the mother cell.
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Results and discussion
In principle, mitochondrial partitioning may occur by a
kinetic mechanism in which mitochondria move into the
bud at a constant rate, and the amount of mitochondria in
daughter cells is determined by the fraction of organelles
that have moved into the bud by the time of
mother–daughter separation. Alternatively, partitioning
could occur by a retention mechanism whereby some
mitochondria are retained in the mother cell. To distin-
guish between these two possibilities, we evaluated the
effect of delayed cell-cycle progression on mitochondrial
partitioning between mothers and buds (Figure 1). Yeast
cells were treated with hydroxyurea (HU), which blocks
DNA synthesis and arrests the cell cycle before cell sepa-
ration [4]. The actin cytoskeleton of HU-arrested cells
was very similar to that of untreated controls at a similar
cell-cycle stage: actin patches were enriched in the bud
tip and actin cables were aligned along the mother–bud
axis. In addition, anisotropic bud growth continued in
HU-arrested cells, producing buds up to 1.7 times the
length of the mother cell, around threefold longer than
the longest bud detected in untreated control cells.
Finally, HU-arrested and untreated control cells showed
similar mitochondrial morphology: mitochondria appeared
as long tubular structures that colocalized with actin
cables and underwent unidirectional transfer into buds at
wild-type rates. 
Figure 1
Mitochondria accumulate in the mother cell distal to the site of bud
emergence in untreated and HU-arrested cells. Mid-log phase DAUL1
cells grown in rich, galactose-based liquid media (YPG) at 30°C were
incubated in the (a–c) absence or (d–i) presence of 200 mM HU for
3 h. Cells were fixed and stained for (a,d,g) mitochondria by indirect
immunofluorescence, (b,e,h) filamentous actin (F-actin) using
Alexa–phalloidin, and (c,f,i) DNA using 4′,6-diamidino-2-phenylindole
(DAPI). Arrows point to accumulation of mitochondria in the mother
cell distal to the site of bud emergence in (a,d,g), and colocalization of
accumulated mitochondria with actin cables in (b,e,h). The scale bars
represent 3 µm.
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On average, half of the mitochondria are transferred from
mother to daughter in one cell cycle (90–120 minutes). If
mitochondrial partitioning occurs by the kinetic model,
HU-mediated delay of cell separation for the length of 2–3
normal cell cycles (6 hours) should result in transfer of
> 90% of the mitochondria into the daughter cell.
However, using the nucleus as a marker for mother cells of
HU-arrested cultures and mitochondrial-targeted green
fluorescent protein (GFP) to visualize the organelle (see
Supplementary material), we detected equal distribution
of mitochondria between mother cells and buds
(Figure 1). This finding suggests that mitochondrial parti-
tioning is not simply time-dependent.
Quantitation of mitochondrial distribution in HU-treated
and untreated cells as a function of bud size supports the
retention model (Figure 2). First, we found that the amount
of mitochondria within the bud of untreated control cells
was proportional to bud size. This confirms previous find-
ings that mitochondria are transferred into the bud as soon
as it emerges [1] and continue to enter the bud at a constant
rate as it enlarges [2]. Second, we observed equal distribu-
tion of mitochondria between the mother and daughter in
HU-arrested cells. The level of retention was not influenced
by bud size: it occurred in cells in which the mother:bud
length ratio varied from 1:1 to 1:1.7. These observations
suggest that control of mitochondrial distribution in dividing
yeast is not mediated by a kinetic mechanism. 
Consistent with this, we observed accumulation of mito-
chondria in the tip of the mother cell distal to the site of
bud emergence. This accumulation was observed in
untreated control cells, independent of bud size [2], sug-
gesting that this accumulation event occurs throughout
the cell division cycle. Moreover, in HU-arrested cells, the
amount of mitochondrial accumulation in this region of
the mother was constant: approximately 40% of the total
cellular mitochondria remained in this region of the
mother in cells in which the mother:bud length ratio
varied from 1:0.66 to 1:1.7. Similar results were seen with a
cdc12-1 temperature-sensitive mutant that fails to undergo
cytokinesis at restrictive temperatures (data not shown).
These observations support the model that mitochondrial
retention by the mother cell is an active mechanism
restricted to a specific region of the mother cell — the
retention zone, the tip of the mother cell distal to the site
of bud emergence.
Actin cables, bundles of actin filaments that extend from
mother to bud, colocalize with mitochondria, and are nec-
essary for polarized and efficient movement of mitochon-
dria into the bud [1,3,5–7]. Several findings indicated that
accumulation of mitochondria in the retention zone was
also dependent on the actin cytoskeleton. First, mitochon-
dria in the retention zone of untreated control cells and
HU-arrested cells coaligned with actin cables (Figure 1).
At the level of light microscopy, this does not prove physi-
cal interaction. The extensive coalignment was, however,
suggestive of a non-random association between the two
structures. Second, accumulation of mitochondria in the
retention zone was compromised in cells bearing muta-
tions that alter actin dynamics or abrogate interactions of
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Figure 2
Distribution of mitochondria in budding yeast
as a function of bud size in untreated and
HU-arrested cells. Wild-type yeast (MSY106)
in the G1 phase of the cell cycle were
incubated in the presence or absence of
200 mM HU for 6 h. Cells were fixed and
stained for mitochondria by indirect
immunofluorescence and for DNA using DAPI.
Cells with small, medium and large buds were
defined as cells bearing buds that were,
respectively, 0–0.33, 0.33–0.66 and 0.66–1
times the length of the mother cell in the case
of untreated controls, or 0.66–1, 1.0–1.33 and
1.33–1.66 times the length of the mother cell,
respectively, in the case of HU-arrested cells.
The distribution of mitochondria in four
regions — the distal half of the bud (white bars),
the proximal half of the bud (light grey bars),
the proximal half of the mother (dark grey bars)
and the distal half of the mother (black bars) —
as a function of bud size in untreated controls
and HU-arrested cells was determined by
confocal microscopy and quantitative three-
dimensional analysis, as described in the
Supplementary material. The error bars indicate
the standard error of the mean.
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mitochondria with the actin cytoskeleton (Figure 3).
The ‘stable-actin mutant’ act1–159 bears an amino-acid
substitution in the actin protein that reduces the rate of
F-actin depolymerization threefold [8]. The MDM10 and
MMM1 genes are believed to encode subunits of a receptor
for a mitochondrial actin-binding protein(s), and thus
mediate association of mitochondria with the actin
cytoskeleton [9–11]. The act1–159, mdm10∆ and mmm1–1
mutants showed 6-, 14- and 27-fold increases, respectively,
in the number of retention-defective cells compared with
their wild-type parents (Figure 3). Although mitochondrial
morphology was defective in mdm10∆ and mmm1-1
mutants, the retention defects could be uncoupled from
the morphology defects as the defects were also observed
in act1–159 mutants, cells that contain tubular mitochondria
typical of wild-type cells (see Supplementary material).
Thus, defects in the actin cytoskeleton or in actin–mito-
chondrial interactions compromise the retention of mito-
chondria in the mother cell during yeast cell division.
Finally, we studied mitochondrial movement in the reten-
tion zone (Figure 4). In some cases, we observed move-
ment of mitochondria through the retention zone (see
Supplementary material). Thus, it appeared that accumu-
lation of mitochondria in the retention zone was due in
part to steady-state accumulation of the organelle in this
region of the cell. In other cases, we observed localized
immobilization of mitochondria in the retention zone.
Specifically, we observed part of a tubular mitochondrion
moving linearly, and part immobilized in the retention
zone. The net effect of opposing forces on the organelle
was mitochondrial fragmentation (Figure 4, arrow), with
one portion of the organelle remaining in the retention
zone, and the other portion moving towards the bud
(Figure 4). Thus, accumulation of mitochondria in the
retention zone is due in part to anchorage of mitochondria
at this site. Moreover, it appears that the forces for mito-
chondrial immobilization are sufficient to produce mito-
chondrial fission. 
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Figure 3
Actin dynamics and actin–mitochondrial interactions contribute to
mitochondrial retention in mother cells. Cells expressing mitochondrial-
targeted GFP were grown to mid-log phase in selective, glucose-
based liquid media. The stable-actin mutant (act1-159; DDY1493) and
its wild-type parent cell (ACT1; DDY1495) were grown at 30°C.
MMM1 parent (YPH252) and mmm1-1 mutant (YPH253) cells were
grown to mid-log phase at 22°C and then shifted to 37°C for 3 h.
MDM10 parent (MYY291) and mdm10∆ mutant (MMY504) cells were
grown in rich, raffinose-based liquid media (YPR) to mid-log phase at
22°C and then shifted to 37°C for 3 h. Mitochondria were detected
using fluorescence microscopy. The cells containing no mitochondria
in the area defined as the retention zone were scored as retention
defective; n > 200 for each measurement.
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Figure 4
Mitochondrial dynamics in the retention zone.
Cells (act1–159) expressing mitochondrial-
targeted GFP were grown to mid-log phase in
glucose-based, selective media. Movement of
GFP-labeled mitochondria in living cells was
followed by time-lapse fluorescence
microscopy. The arrow points to
fragmentation of the organelle. The uppermost
left panel is a differential interference contrast
(DIC) image of the cells. The scale bar
represents 1.5 µm.
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In conclusion, our evidence supports the model that equal
distribution of mitochondria during yeast cell division is
ensured by immobilization of a portion of total cellular
mitochondria in the retention zone of the mother cell, and
movement of remaining mitochondria into the bud. Both
processes require the actin cytoskeleton, and may respond
to the cell-polarity machinery that defines the
mother–bud axis, the site of bud emergence and the tip of
the mother cell distal to the site of bud emergence.
Although many polarization events in yeast are directed to
the bud tip, mitochondrial retention, bipolar budding and
spindle alignment are the only processes known to be
directed toward the mother cell tip distal to the bud. The
act1–159 mutation had no obvious effect on spindle align-
ment or bud-site selection (data not shown). Therefore, it
is likely that the mitochondrial retention defects observed
in the act1–159 mutant are consequences of abnormal
actin–mitochondrial interactions, and not general defects
in cell polarity or recognition of the distal tip of the
mother cell. Finally, as mitochondria coalign with actin in
the retention zone, immobilization is probably not due to
uncoupling of mitochondria from their actin-based motil-
ity machinery. Rather, immobilization of mitochondria in
the retention zone may be due to region-specific downreg-
ulation of the mitochondrial motility machinery, shifting
the role of actin from guiding motility to tethering the
organelle in the mother cell. 
Supplementary material
Supplementary material including figures showing defects in mitochon-
drial retention in the act1–159 mutant, time-lapse images of mitochon-
drial motility through the retention zone, and additional methodological
details is available at http://current-biology.com/supmat/supmatin.htm.
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Supplementary materials and methods
Yeast strains
The yeast strains used in this study are listed in Table S1. Yeast cell
growth and manipulation was carried out according to Sherman [S1].
DAUL1 cells were grown in rich, galactose-based media (YPG) at
30°C. MSY106 cells were grown in rich, glucose-based media (YPD).
Visualization of mitochondria and the actin cytoskeleton 
The actin cytoskeleton was visualized in fixed cells using rhodamine–
phalloidin and Alexa–phalloidin (Molecular Probes) as described previ-
ously [S2,S3]. In some cases, mitochondria were visualized using indi-
rect immunofluorescence [S4]. In other cases, mitochondria were
visualized in living cells using a fusion protein consisting of the mito-
chondrial signal sequence of citrate synthase 1 fused to GFP
(CS1–GFP). CS1–GFP was expressed in DAUL1 cells using a cen-
tromere-based plasmid under control of the Gal1-10 promoter [S5].
Expression of the fusion protein had no effect on cell growth on fer-
mentable or non-fermentable carbon sources [S5]. In addition, mito-
chondrial movement or morphology in cells expressing CS1–GFP
fusion protein is indistinguishable from that observed using other mito-
chondria-specific stains including MitoTracker or DiOC6 [S3].
Samples were mounted on microscope slides and visualized by fluo-
rescence microscopy as described below. CS1–GFP labeling of mito-
chondria is specific and has no detectable effect on mitochondrial
morphology or movement. 
Evaluation of mitochondrial movement in living cells
Images of GFP-labeled mitochondria were collected for 100–200 msec
at 10 sec intervals for up to 3 min of real time. Images were collected
with a Zeiss Axioplan II microscope using a Plan-Apochromat 100 ×,
1.4 NA objective lens, and a cooled CCD camera (Orca-100, Hama-
matsu). Light output from the 100 W mercury arc lamp was controlled
using a shutter driver (Uniblitz D122, Vincent Associates) and attenu-
ated using neutral density filters (Omega Optical Corporation). Image
enhancement and analysis were performed on a Power Macintosh 9600
computer using the public domain program NIH Image 1.55. 
Supplementary material
Figure S1
The stable-actin mutant shows defects in retention of mitochondria in
the mother cell. The stable-actin mutant (act1-159; DDY1493) and its
wild-type parent cell (ACT1; DDY1495) expressing mitochondrial-
targeted GFP (pCS1–GFP; see Supplementary materials and
methods) were grown at 30°C. (a,d) Differential interference contrast
(DIC) images, and fluorescence micrographs showing
(b,e) mitochondria and (c,f) actin in the (a–c) wild-type parent and
(d–f) stable-actin mutant. The scale bar represents 3 µm.
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Figure S2
Mitochondrial dynamics in the retention zone.
The act1-159 cells expressing mitochondrial-
targeted GFP were grown to mid-log phase in
glucose-based, selective media. Movement of
GFP-labeled mitochondria in living cells was
followed by time-lapse fluorescence
microscopy. Consecutive still frames from
time-lapse series that illustrate movement of
mitochondria through the retention zone and
towards the developing bud. The arrow points
to the retention zone. The first image in the
series shows a DIC image of the cells. The
scale bar represents 1 µm.
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The high density of mitochondria in the retention zone of wild-type cells
precluded resolution of mitochondrial motility in this region. Time-lapse
imaging of mitochondrial motility in this zone was evaluated in the act1-
159 mutant. This mutation results in a decrease in the amount of mito-
chondrial accumulation in the retention zone, but has no obvious effect
on mitochondrial morphology, polarized movement or velocities of mito-
chondrial movement. 
Hydroxyurea arrest in synchronized cells 
MSY106 cells were grown in YPD medium to mid-log phase, concen-
trated by centrifugation, and then separated on the basis of density
using a linear (5–15%) sorbitol gradient in YPD. Separation was
carried out by centrifugation at 1,000 × g for 3 min at room temperature
using in a swinging bucket rotor. The top fraction, where > 80% of the
cells were large, unbudded and in the G1 phase of the cell division
cycle, was collected. These cells were resuspended in YPD with or
without 200 mM hydroxyurea (Sigma) and incubated at 30°C for 6 h.
After 2 h, > 80% of the cells are budded. Thus, cytokinesis was
delayed for at least 4 h in more than 80% of the cells. After 5–6 h
85–98% of the cells were budded.
Quantitation of the distribution of mitochondria in mother and
bud portions of dividing yeast 
The distribution of mitochondria was determined in four regions of
dividing yeast: the distal half of the bud (the area from the center of the
bud to the bud tip), the proximal half of the bud (the area from the
mother-bud neck to the center of the bud), the proximal half of the
mother (the area from the center of the mother cell to the mother-bud
neck), and the distal half of the mother (the area from the center of the
mother cell to the tip distal to the mother-bud neck). In untreated
control cells, the mother component of the dividing cell is always larger
than the developing bud. This was not the case in HU-arrested cells.
However, as HU treatment blocks migration of the nucleus into the
bud, the mother component was identified by the presence of the
DAPI-stained nucleus. 
Mitochondria were stained by indirect immunofluorescence using anti-
bodies raised against total mitochondrial outer membrane proteins, and
visualized in three dimensions in the cell by confocal microscopy using a
Zeiss LSM 410 laser scanning confocal attachment on a Zeiss Axiovert
100 TV microscope using a 100 ×/1.4 Plan-Apochromat objective
(Zeiss). Excitation was by the 488 nm line of an Ar/Kr laser, and emission
was collected using a 515–540 nm bandpass filter. The confocal
pinhole was set to give an optical section thickness of 1 µm, and z-series
images were collected at an interval of 1 µm through the entire cell.
The fluorescent signal obtained by immunofluoresence is constant per
unit volume throughout the mitochondrial reticulum. Therefore, the mito-
chondrial volume in each region of the cell was approximated as the
sum of the areas occupied by mitochondria in each optical section.
Measurements were carried out using NIH Image 1.55. Each of the
four regions of interest was outlined manually and the number of pixels
exceeding the cellular background intensity was counted by the soft-
ware. These pixel counts were summed over the entire confocal z-
series and divided by the total pixel count for all four regions to give the
relative mitochondrial distribution in each region. An alternative count-
ing method, integration of the pixel intensity in each region, gave quali-
tatively similar results.
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Table S1
Yeast strains used in this study.
Strain Genotype Source
D273-10B MATα 1
DAUL1 MATα ade2 ura3 lys2 2
DDY1493 MATα, act1-159::HIS3, his3-∆200, tub2–101, ura3–52, leu2–3,112 3
DDY1495 MATα, ACT1::HIS3, his3-∆200, tub2–101, ura3–52, leu2–3,112 3
YPH252 MATα, leu2, his3, ade2, trp1, lys2, ura3 4
YPH253 MATα, mmm1–1, leu2, his3, ade2, trp1, lys2, ura3 4
MMY291 MATα, ura3, leu2, his3 5
MMY504 MATα, mdm10::URA3, ura3, leu2, his3 5
MSY106 MATa/MATα, his4–619/his4–619 This lab
Sources of strains: 1, American Type Culture Collection: ATCC25657;
2, T. Fox (Cornell University); 3, D. Drubin (University of California,
Berkeley); 4, R. Jensen (Johns Hopkins University); 5, M. Yaffe (UCSD,
San Diego).
